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Ahtruc(  - ‘1’hc 1)1!S radio propagation cnvironmcnl is divirkl  iato
Ikrec still-cllvir{)lllilc]lls, indoor, rarwl-soborbaa  mobile Rlld orhaa
mobile. Indoor propagation cflccts arc in rr large part Wcrmincd  by
crmslroction  material. Non-nwtollic nmtcrials M’ord direct, albeit
at(caaalcd,  pcnclralioa  o f  lhc satcllilc signal will] a  mininuan o f
mallipath signal scat[criax. Sigaal pcnctr}llioa ialo slraclarcs  osing
significant mclallic nmtcrials  is often indirect, through openings sock
as door-s  and  windows oad propagation will involve significant
Il)llltipilth rwmponcnts.  INca so, rlclay spread ia nmoy silaations is 0a

tkc order of 10’s of nanosccoads rcsoltiag io rchdivcly flat fading.
‘1’has frcqocncy diversity lcchniqocs  sock as Or(hogoaal  I’rcqocmcy
l)ivision Moltiplcx (OM)M) a n d  (bclc l)ivision Moltiplc A c c e s s
({: I)NIA) or C(loitli?:iliol}  Icchaiqacs do IIOt realin their intended
pert’ormolwc CllllilllCL’IllCIlt. Anlcann divcrsily, dircctivity trad
placcmcnl arc kcy mitigation tcchniqocs for the indoor cnvironrncnt.
In tlIc l{llr<ll-Slll)lIrl);lll  mohilc cnvironmcnl with clcvfition a n g l e s
grciltcr than 20”, Illllltipilth conlp(alcnts from tllc satellite signal arc
15-20 cIII  I)CIOW  the Iinc.oi’-sighl si~nal level and often origioatc from
ncarhy rcllcclors, TIIOS shadowing is Ihc dominant signal inlpairmcnt
illld  fil(lillg cft’ccts arc agaio foond to bc relatively flat for a Iargc
fadin~ margia. ltccaosr rcccivcr  nmlioa il)rlaccs  rapid varialioos ia
lhc Sigllill  Icvcl,  temporal diversity Im-hniqacs sock as iatcrlcaving,
chanacl codiag a n d  rctronsmissiou c a n  bc oscd to combat skorl
iatcrmiltcnt fading cvcnls. Antenna diversity and dircctivity
tcckniqocs ilrC again oscfol ia this environment. Finally, in the
(Irl):ll) mobile cavironmcnt, slower vchiclc speeds and Mockagc I)y
Imildings caoscs sigoal fodcs that arc too long and too deep to combat
witk signal margin or tiaw diversity. 1 ,and-hascd signal hoostcrs  arc
accdcrl  10 fill in IIlc COVCrilgC  gaps of the satcllilc only broadcast
SCIICIIIC. On frcqocmy  hooslcrs arc soggcslcd 10 coascrvc  bandwidth
ycl these prodocc laag delay moltipatk and c r e a t e  il frcqacncy
sclcc(ilc  fading cnvironmcnl, Enlcr now 01~1 )hl,  spread spcclrom,
cqllolizatioll  a]al otbcr tcclmiqaw  that arc Cii])~bIc  of dccoavolviag
lIIL’ Cllanncl Cffccls 011(1 cffccling sigoilicflnt performance
improvements by cxtrilctiag tkc frcqacncy diversity or time diversity
coIIIpoIIcnls comprising lIIC rcccivcd sifgl al.

lnt  rodmlion
Mohilc t adio propagntioll  al 1,- ancl S-bands is hampered by
signal shadowing and nmlli path from natoral and man-made
siruclurcs. ‘1’hc ondcls(anding  of Ihcsc rffccls  and (kir mi(igalion
arc (I1c suhjcc(s ol many Icchnical  ar(iclcs aod books. A sobsc[ of
lhcsc invcsliga(ions  arc cilhcr  app]icablc  (0 or dircclly  address
I And Mobik Sa(clli[c Scrvicc (1 .MSS) crmfigora[ions.  Wc cm)
IOIIIICI  sobdividc  lhcsc into thtcc  propagation environments,
indoor, rwra-suburban  mobile and orban mobile. Any Direct
Broadcast Sa(cllitc  - Radio, l)llS-Iklio, sys(cm design is based in
Iargc p:lrl otI a  lhorough Ol)[lClhlillldi Ilg Of lhc propagat ion
imp;tirmcn(s  nnd mi t igat ion tcchniqocs associa(cd wi(h t h e s e
cnvironn)cn(s.

‘1’hc thtcc following sccti(ms ad(lrcss Ihcsc (})rcc cnvimnmcn(s.  In
each SC{ tirsn wc I-cvicw ilnpo[[:ln[  rcsol(s from npplicahlc  U}lf~, l.-
b a n d  nnd S - b a n d  prq)agation  n]casorcmcn(s ao(l d i s c u s s
tcchniq~lcs to mi(iga[c  [hc 1.h4SS s i g n a l  inlpait-mcnts, III t h e
sections covcrinp  indom and rural -so borban mobi Ic propagation,
Salcllilc-only  tmadca~( is assomcd. In the ot-bm-mobile section,
it is IKNCCJ from (hc OUISCI (Im( scvcrc sa(clli[c  signal shadowing
rcqoircs sornc form of  :,aplilling tcchnrrlogy. On llccplcncy
rcpca(cls arc sLIggcs[cci  1(II rcmons of bandwi(i~h efficiency and
discussion switches to a .ioin( satellite groond (r:insmissirm schcmc
and the msocia [cd propa}!a~ ion cffcc(s and mi(iga( ion.

~gg~iitirm for indoor l’ortisbk Rwcplion
Chc of the common environments for l) IIS-Radio  will bc [hc
indoor Imtnc or bosincss environment ami Iistcncrs will cxpcc[
adcqotr (L’ rcccp [ion osing only (IIC rrn(cnna boil(  in(o tbc rcccivcr.
LJn(icrstilnding tbc satclliic  10 in(ioor  propagation nlcch[lnisms is
thctcfot  c of prime impor(ancc  to (hc l)llS-lWio  system cicsigncr.
In this lcgard (IICIC arc ninny cxpcrimcntal  rcsolts in the Iikm(orc
describing the ptopaga(ion  impairments associntcd with boilding
pcnctralion  and indoor  p] opaSa(irrn at (J I I f:, 1,-band and S-band
f’lccplcmics, “1’rrblc 1 sun)mari/cs  some of Ihc.sc rc.sol(s  IiVII apply
to 1)11S  f{a(iio.

Spafi~l V~rjatirms
As cxpcclcci, boiidiog S(I uclotc and cons(roc(ion materials have a
Iargc it)lpact cm propagolion  cflcc(s. Non-omtallic  cm)slructirsn
homes [xhibi( (I1c l(NVCSI tIIcan signal attcnozr(ion, 5-11 dll, with a
slalld:ird clcvia(ion of 2.3 dil as the rcccivcr  is moved nroond
insiclc (IIC b u i l d i n g ,  1’2][3 I. Signols pcncira(ing  olficc struc[urcs
wi[h  S(MOC n)dallic cons[ruclion  rnatcrials cxpcricncc  Iargcr man
signal IOSSCS of 5-14 dll. Rcdoction  of tbc dircc( signal and
incrcasrd nlol(ipath  fronl  the metallic matcl-iais raises the rcccivcd
sigl)al s{on(lard dcvia(io]l  to 3-10 dll, [3][4]161.  An anrrlysis of the
Spntirrl Wrrintions in$idc (WO office k[roc(orcs [6] showed CIOSC
agrccnl (ml wi(h a Rici at) (Iis[l-ibo  lion h a v i n g  r;~]]clc)t]]/sl~ccL1l:ir
p o w e r  Iatio,  K : -6,8 (i}{ for onc building and K= -11 d}] fot”
Froothc I I’hc spatial sipnal variations mcasorc(i shnwc(i a qoasi-
pcriodi( StrLICtLll C wi(h (rollgl]-to-troLlgt]  d i s t a n c e s  of 2 - 4
wJavc\ctlgths  fot lhc Solclii(c tr’an$missions and ().5 t o  \ .S
Wavclcl Iglhs fo r  Ihc low clcvalirm  angle transmissions. “1’hc
reasons for this (Ii ffcrcm were not conclo(ic(i.

~pcclrill  Pthp_cflicS
A’I’S salclli(c  tests [41 of signai pcnctl-ation into sir]gic famiiy  now
nwtaili( cons(mc{ion  (l}vcl Jings Showed lncan allcn oation
incrcming  by 2-3 (!11 pcl frequency OCUIVC over the range of 0.9 to



2.6 GI [7. In parlicalar  lhcy measured mean signal losses of 4,6
dll, 6.7 dll and 7,5 dll for  860, 1550 and 2569 MI Iz fqucncic.s
rcspcc[ivcly. ‘1’his Snlnc Chillnc(cr’is(ic Was corrobora(cd b y
nwasarcnlcn(s  Icpor(cd  in [3], ~’hc oppcrsitc (rend was observed
for off ice tmiklings  and semi to heavily mckrllic  stl-Llcturcs.
At(cnua(ion  in Ihcsc s(raclurcs W:N observed to dccmsc by 2-5
dll per lrcqacncy  oclavc, 13][7][8][9].

“1’hc lollowing explanation smms reasonable. For the non-
nwliillic s(rmlurcs,  lhc primary signal pcnctt-alien and propagation
palhs arc Ihroagh walls and ceilings. ‘1’his mode favors Iowcr
lrcqacncics,  in Ihc caw nf office buildings and other structLlrcs
using mclallic cons(l-uc( ion malcrials, the pt-imary s igna l
pcnc(l ;I(ion aI)d  p r o p a g a t i o n  p;I(hs arc (hrough o p e n i n g s  such as
windows, doom, c(c, ‘1’his nmdc favors higher frcqucncics,

~l’cmpol-al Signal Variations
I;vcn wiih Ihc ~ransn~it(cl- and rcccivcr  locations fixcci, the signal
Icvcl a( Ihc rcccivcr  can vary significantly according 10 changes in
(I1c cnvironn}cnt  tba( affccl p r o p a g a t i o n  pzrlbs. 1 .ow clcvatirm
anjllc,  = (P, cxpcrimcnls  showed indoor bmporal  signal fading
Ilmt was Ray]cigh  or Rician dis[ribu(cd  with a dynamic range of
17-30 dll [6]. ‘1’hcsc variations rcsullcd  from the nmvcmcnl  of
outdoor traffic or pcopk and doors insi(ic the builcling  which
changed propagation gcomclrics. I n  higbcr  clcvatirm salclli(c
cxpcrimcnls  [3] pmplc moving near Ihc rcccivcr  produced Icss
fh;in (),5 dll signol varia(ion. I’rcsumbly the higher clcvalion
angle signal :Ind iis rcflcc  (ions cnccrunkrcd fewer moving objcc(s
in fhcir  paIh [o the rcccivcr,  thus there was Iit(lc  to no change in
lhc propagation palhs, ‘1’hc cxccp(irm 10 (his was when a person
blocked (IK dircc( transmission pall],  rcsul(ing  i n  signal
al(cnu alien of & 12 dll.

Iilcvalion Angle l’ropcrlics
S i g n a l  l o s s  nwasarcmcn(s  nmdc in [3] and [4 ]  shmvcd m
dcpcndcnm  on clcva(ion  angles mnging  fmn 1 2“ 10 55° for
s(rLlc(urcs no( b l o c k e d  b y  cxtcmal  objects, ‘1’wrr d i f f e r e n t
explanations accwnpany this mull. F’irst, for non-metallic
s(rLlct Llrcs where signal pcnc(ration  is primarily though walls and
ceilings, a signal nwiving  al an clcvalion  angle grca(cr than 100
will not cncoanler  many movahlc  obslaclcs and lhLls the signal
wlriolioms were foirly similar over the (csl range of I 2“ (0 55°.
Second, for lnclallic sll-aclurcs were signal pcnc[ralion  is primarily
through  openings, the clcva(icrn angle of (he dircc( signal has Ii((lc
10 no impoc( on the cnlrancc of Ihc sixnal into  the 13uilciing and
thll S WC Wollkl CXPCC[ I1O dCpLWdCIICC  011 CICVtl(i(lIl  ?U)gk.

I )clay Spread
In Ihc ar(iclcs Ihal were rcvicwcd,  mcmurcd delay spread varied
over a range of 1() ns (0 350 ns. ‘l’his corresponds (o a crsbcrcncc
bandwid(h  ran~c of (),5 to 17 Ml IT, ‘1’hus wc can say for mosl
sitl~lc chal)ncl pcr c a r r i e r  1)11 S-t{ndio  broadcas( schcmcs,  (hc
indoor fading, channel wi II I MA fla( across (I1c band.

l)ifficull Silua(ions
‘1’here arc mmy slluclurcs  and silua[ions  LLcr ;hcrc is significaal
Cxccss  palh 10ss, ‘1’hcsc include family dwellings and non-
rcsidcn(ial  bu i ld ings using significant mclallic  cmlslrac[ion
including alaminanl  siding, cormga(cd slccl, wire mesh scrccns,
alaminum  backed shcc[ rock, C(C.  ‘1’hc cm~s(ractirm materials uscci
in [hcsc buildings inhihi(s  signal pcnc[t-a(ion throagh walls and
cn(lancc of lhc signal lhtougb  openings sach as doors, windows,
clc, bccomcs (I1c primal-y nmdc, I’hc  average path loss in these
Cilscs can bc 10 to 20 (II3 more than Ihc nominal 5 (o 11 dll

obscruxl  ill slrLJclulcs makinfl  [CSS Cxlcnsivc  Llsc o f  lllClalliC
constluclion  nlalcii:ils,

,!Wuc(ures  shadowed by lrccs, mountains or o~her baildings  will
cxpcri{mcc CXCCM  loss if (Iw obs(rac(ion blocks (hc satellite linc-
of-sigll(,  During 1,6 Gl I/. mcasarcmcnls  on rcsidcn(ial  strac[urcs
in }lmIslcm,  TX [4] cxccss si~na] b lockage f rom (rccs was
mcasulcd al 12.15 dll, ‘1’hcsc blockage situations would  incrcasc
in nun]hcr and Iikcly  in{cnsi[y  as clcvatim angle dccrcascs,

~~1 Fadinp  ~’l~f~.!lion  f~y the ]ndoor I+hlvirontucnl
‘1’cn to fiflccn dl) fade margin will mitigate dircc( path signal
Ollcnui! lion  in s(ruclurcs that make parlial  or no usc of mctnllic
construction nm(crials, A(idi(ional  tcchniqLlcs arc nccdcd for deep
fades in bad h~ca(im~~ {M in difficul[ buikiings  making cxlcnsivc
usc 01 mcmllic  lnalcrinls.

‘1’hc s[,,ilia] nLIll scpa!atim  measured in [3] an(i [6] suggmls (hat a
divcrsi (y anlcnna scpara(ion o f  I  w:lvclcnglh  coLIkl pul cmc
anb311111  cm( of a null zone. I}iffica]t s[ruclurcs may rcqairc  the
placcnlcnt  of an an[cllrl:l Cxtclnal to (}IC Slrllctllrc,

An allcrna~ivc lo aII(CIIIIa diversity is to usc antenna clcmcnt
ccrmbitiing or swi(chinr  10 achicvc signal clirccti\i(y/l~llllil~g  and
thLIs rcdacc mal(ipnllt  fading,

‘1’hc silnplcs( mitigatiml  tcchniquc  is lhc lislcncr’s  cflbr~ to p lace
the ra(lio m its anlcnna in a good signal loca~ion, ‘1’his approach
m a y  bc somewhat  Imlllpcrcd  by the plmximity  cflcc(  of the
lislcnci’s  body.

Spread spcc(ram, CO1;I)M  and cqaalir;i(ion  (cchniqacs can help
in [hc {) fficc  building ctlvironmcnl  w’here cohcrcncc handwidlh  is
smallci and stat Kiing W:IVC sif,nal Icvcls had a tncasarcd slandard
dcviaticm of ~-l () d]],  ‘1’hcsc techniques will bc Icss cflcciivc  in
rcsidcll(ial  strac(arcs where delay spread can be Icss than 1 ()-2()
ns, hl{we discussion is ~,ivcn 10 Ihcsc schcmcs la(r[- in this paper.

~~agation for the Rural and Suburban Satdlitc-Mobile——— ..— —
khvir(mmrnl.
A  sigi]ificant  b o d y  of nlcasurcn~cn[ rcsulls and [hcorciical
nmlcling cxisk  on Ihc 1.hOSS channel. As par( of this, impor(an(
I.MSS propagation tests \vctc accomplished in tbc Llnikd S~a(cs
by }Icss [11] and (ioldhijsh, Vogel, c(, al.lscc ‘1’able 1.1 of Ref. 17
for lisl of 11 publica(iol],l, ill Gmada by ilul(cmvmlh  [ 12][ 13], in
liump, by Jon~,cjans CI al., [ 14], and l<cil(l~lcllir~t:ll:l CL al,, [ 15]
and in Aus[ral ia by llu IKimck [ 16], ‘1’hcsc ICSK incl Ldcci A’I’S -6,
hfARl CS, lNMARSA’I’,  and 11’1’S sa[clli(cs as WCII as simulations
of the 1,hJSS cb:mncl usin~ balloons, (OWCIS and aircraf(. Results
f rom lhcsc soul ccs wcr c disli  Ilrd by Goklilirsil and Vogel in
NASA kcfcrcncc  publication  1274, “Propaga(irm  Iiflcc[s  for Ian(i
h~ohik  Satclli(c SysIcn)\:  O v e r v i e w  o f  Iixpctinmntal  a n d
Model ing [{ CSIII(S” and rclcasc(i in  l;cbmary  1992 [ 1 7 ] .  ‘1’hc
rcsuil~ 01 t h e s e  a n d  Iclalc(i  slu(iics arc fur[hct- [iislillcd a n d
Sa[n]]lil[imd  in I;iblc ?,

‘1’hc c~mrsc slrac(ut-c  of tlIc 1,h4SS signal fading is domina(cci by
the inlcnnillcn( blockapc of (i)c line-of-sigi~[ by roa(isi[ic objects
such ai buil(iins and Lrccs,  IT I the rwral and suburban cnvironmcnl
tree shodmving is the plcdonlinaa(  I,hJSS signal in~pairmcn(. In
most situations in IIIC (’ontincnlal  Uni(cd Stmcs (C.ONUS) the
clcva(ion angle to a dilcct  bt oadcast sa(cl Iilc wcmki bc above 200
with  (lIc Icsalt  (iul( Ihc attenuation patil is Iimitc(i  (0 1 or 2 tree



canop ies .  ‘1’hc mohilc  anknnrr  is oficn  dircc(ivc  in elevation,
discriminating low elevation sigoal sca(terin~, and mul(ipath
rcllcctirrns  from Ihc ground. ‘1’hLls siglml atmrrplion,  scal[cring
aml I-c-radialioa  by the canopies of 1 or 2 nearby trees gives rise
1 0  Ihc major  atlcnuatirw  conlponcats.  Although  cmlni-dirccticrnal
an(cnnas auc m o r e  susccp~ible to l o w  a n g l e  multipath  fmm
surrounding signal sca~(ers,  it was found throu~h n~casLlrcn~cnk
and nmdcling  lbal even will] these less ciircc(ivc anlcnn as, Ihc
primary fading cflccls  i]risc from Ihc shadowir)g of the linc-of-
sighl signal cmnponcnl.

Vogel  and ‘1’mcncc  I I 8] sinml(ancorrsly measured s igna l
a((cnua( ion al 1600” and 2500 Ml IY of various lrcc types. I’heir
r e s u l t s  shrrwcd nvcragc fwlcs of 4 - 9 cIB with  no nlcasLlrcci
dcpcndcncc of fade level on frequency. Multipath  cmnponcnts
nppcarcd al a lCVCI 15-20 dll bcfow the uoa(tcnuatcd line-of-sight
signal and thus the shadowed Iinc-nf-sigh(  signal dminatcd the
propagation s(a(is(ics rccordcd. l<csLIlts son)marizccl in the NASA
publication [ 17] showed similar fade levels with  some tendency of
incrcaml sip,nal inlpaimcnl Jor increasing frequency. 0[

pal[icalar  in(ercs( is (be finding that signal absorption and
sca((cring frt)lll branches is (he main a((cnualion nmdc as opposccl
[0 the cflccts  of leafy foliage. Goldhirsh  and Vogel  cluanlificd  the
effect ol full loliagc  as an incrcasc of 35% in average signal
al(cnua  lion over bare lrcc signal at(cnuatioa.

1.-band nvxmlrcmcn(s  made by Vogel  arid Goldhirsh  over 600 km
of 2-kInc and 4-tanc highways and rLlral roads in Maryland using
hclicoplct- plall’orms and lhc MAI<IG-112 saktlilc were Llscd to
derive an cmpit-ical “bcs( fit”’ cxpressioo o f  cumula t ive  fade
disll-ibolion  I I 7]. Iklla was lilkCll  at clcvalion  angles of 210, 300,

45° and 60” and signal arrival was primarily perpendicular to the
roadway, corresponding 10 maximum shadowing conditions. ‘l’he
dominan(  sources of’ shadowing were the roadsictc tree canopies
with  some shadowing from o(ili(y poles and only minor multipa[h.
Rmdsidc  lrccs were primarily deciduous and molted in 55% to
75% st]ading of Ihc ri~ht laac io lhc direction of (ravel. l’igurc }
from [ 17] plots srrmc rcsulls of tbc cumulative fade model.
Mrrdcl a~rccmcn[ with (I)C empirical dis{riboticms is wi(hin  1 dfl
for all t’[mr clcvalion  angles measured.
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l’i~,urr I: (’Ull)UkIliVL  fo(lc (lis(ribLltions at I,5 Citl? for family rrf’palh

clcv;lli(m [IIIp,lcs dcI i~cd frt)jll lIK cl)]pirical l<oadsid~. Shadowing Model
by Goldhirxh and VOF,CI  [ 17].

Note lh[ slrong dcpcmicwrc of fading sla(islics on clcvalion  angle.
Gnlbil!c these with figLlrc 2 showing the clcwi(ion  angle contours
o v e r  Ntwlh A m e r i c a  rcwlting from II dircc( hroadcasl satclli(e
favorat)ly  located at I ()()0 west 1,ongi(udc. Assuming s imi lar
groLad cnvironmcnls,  a user in rural “1’cxas might scc a 1() dll
signal i,ldc less than ?% of [hc time while a user in Washingkm
state wwkl cxpcricncc a 1() dll fade 20% of the time, Similarly,
if wc cl Ioosc a fixed fading  pcrccnlagc of 2%, the user in ‘1’cxas
rcquirc~ only a 1 () dll margin while (hc user in Washing(oo  stale
rcq Llirc< an 18 dl! margirl.  Onc solo~ion (n this problem is to taper
the satellite beam gain to (iircc( nmc power toward regions with
at clcv:l(ion  angles. Iridium satclli(c design oscs this approach to
provide 8 dll more gain to users al an elevation angic of 1 ()” than
users al an clcvalion  angle 0150° [21].  (;audcnzi  and Giannc(ti
[25], emphasizing titc (imitability of higil  elevation zrnglcs,
proposr  a constellation of salcllitcs in Molniya  Iypc h i g h l y
elliptical orbit (Ill;()) af[cr a detailed orbit tra(icoff  s(udy clone by
Brilish  Acmspacc, cl al. [26]. ‘l’he proposeci IIIK) constellation
would  provi(ie  the m:ijo[-ity of liumpc wi[i] a elevation angle
g,rcater than 60”,

Figurl, 2: Iilcvation At@c (’rmkNIIs for dilcc( tmdcm( GiOstationary
satcll  Itc favorai,l  y located al 100° WCSI 1.ongiludc  for Norlh Amcr’icm

Scrvicc.

While cLlnwlaiivc  fade s(a(istics arc impor[an(  they do not provide
safficicnt  information to (icsign fxiing coun(cr m e a s u r e s .
Additi(mally  wc need some rncasurc of fade an(i nm- fac ie
dLlratil m, I’hcsc depend on both the fa(iing  cn~)ironnlcn( and the
nmbil[  speed thlrrugtl  timt cnvironmcn(.  WC should also consider
signal phase flLlcl Llalion stalis(ics to crrmplctc li~c piclurc.

~j~l Margin  and  ‘J:~nwfl)ivcrsitf ‘ as Satcililc Nlohilc  Fade
Miliitir)ll Techniques
With the nmbilc  cnvirollmcn(  comes rapidly (imc varying signal
fa(iin~ but also tiw possibility of combating [bc same with
kmporal  ciivcrsity tccbrliqucs. I’hc  cflccl  of ti]c 1,h4SS shadowing
cnvir(lnmcnt  is to knock OLI( blocks of bits, block sire varying
with tllc  fade duralion.  ‘J’inm (iivcrsi(y  techniclLm can bc use(i to
randmni~c the cm[agc pnl(crns tilroogb  interleaving or repeat
(ransnlission SO (hal smnc form of channel co(iing  can rcconstracl
the o! iginal  cla(a in (IIC (iccociing p r o c e s s . In Ihc case of
intci-lcavin.g, block or convolutional error correcting codcs arc
otlcn  app] i cci before in(dcaving an(i  Ihc cffcctivcncss  o f  (hc

dCCOd  ing proccdorc in rL’dLICill~ bi( error mtc depends not only  on



lhc avcmgc bkking pcrccnlagc bLIL on lhc a b i l i t y  of t h e
dcin(crlcnvcr  10 r:mdonlim  lbc fadin~: cvcots chopping up long
lacks into  SII):IIICI  portions nmt rdislr’ibutil)~ thcm so lha( t h e

crier  cowcc(ing  cmtc can hal]ctk them, In fad if a time ctivcrsity
(cchniquc is unahlc (o rwdmniz,c  n fnding  event (ill[crlcavins)  or
pmlucc uncoIIclaIcd  fwtcd samples of (hc sam symbol (rcpca(
tt’tlnsmission) no rcasonab]c channc] cociing lcchniqLlc’ will bc
capobk  of providing significant BIIR  in~provc.mcnt on da(a sent
OVC!-  (hc I A4SS  channel. I IOW drrcs MC predict the cflcc[ivcncss
of (imc divcmity  lcchniqucs  and cmnpmc Ibcir  cfrcctivcncss w i th
olhcr  techniques such as simple ndctilirrn of signal fading margirl,
‘1’his qucslion  will hc addressed in this scc(ion by invcs(igating  ail
cx:lolplc~limc  divcrsi(y  s(ta(cgy, i.e. repeal lransmissicrn.

o ~

‘1’hc combinat ion ol fade a n d  nrrwfdc dLlra(ion statistics m.
colnmollly  oscd (0 char:lc(criy,c t h e  Icmporal  mlorc of sigoal
fw[ing  in lhc mobile channel, In OLll  investigations of rcpca(
lr:msmissirrn wc proccsscd the signal Icvcl (imc his(ory gcncra(inr
the rcla(cd sla(is(ics, joint signal fading  and fwtc aLltrmrrrclalimr,
which more succioc(ly  prcdic( lhc cffcclivcncss  of a simple ctoal
lrtlnsmissirm  schcmc. W c  firs( gcncralc Ihc sta(islic P2(T,Z),  Ihc
joini probability of fade a[ (i mc (I) and ((+ T):

I’2(T,Z) = p(s([) < -z dll,  S(l+ T) <-7. dtl) (1)

where 7 is [hc allowahlc  factc margin  aod S(t) is (he signal powct
Iinlc  his(oly  norln:lli~cd  (o (hc LIMrbSllUCICCl  l i n e - o f - s i g h [  signal

power, If wc define lhc bard limit invcr(ing  fLlnction II(x) as

{

I ; s(l)< 7,( II?
H(x)=

( ) ;  s(t)>= - Zdll1
(2)

‘1’hell
II[ll(s[t)l l(s(l+ t))] = p(s([) < -z dt], S((+ ‘I)<  -2, (Ill)

= P2(T,Z) (3)

is (IIC signal hlncking  pcrccntagc for sing]c traosmissirm divcrsily
given d fodc margin  of 74 dll,

Note thal 1’2((1,77) = p(S(I)  <-7, all)) = [’](7,), (4)

Also I)o[c (1):1( fil(lc a~l({]c(~rtclatiol~, as wc have ctcfincct it is:

1’2 (T , z)
R (T , z) = ---— -----

l’, (/.)
(5)

V o g e l  a n d  ‘1’orrcncc rcccnlly  crmplctcd  S-band m o b i  k
propilgtltiotl  nlc:lsLlrc]ncll(s in and aroLlod NASA Jt’1, [ 20]. ‘1’hc
‘1’1)1<SS satclli[c  (ransmit(cd a 2050” Mllx carrier only signal that
al knvcd for 35 d II of mcmurablc  fading rc]alivc  [o the linc-of-
sigbl signol slwnglh, Iilcvation angle to the S/C was 22°, ‘lihc
tcsl course included several types ol tcrmin,  NASA JPI, (12
minutes), Six I .anc I;rccway (6 minolcs),  Downtown Pasadena
(hlifornia (7 minuk-s) and I<csidcn(ial (20 minutes) ,  I;igurc  3a
shows ([w joi(~i f:ding st:l(istic l>2(z,’/.) avcmgc.ct  over the entire

45 minu(c run and paramc(cri~cd on lhc allowed fwlc  margin Z

At a [in~c offsc[  e q u a l  t o  z e r o ,  t h e  y-axis v a l u e  is t h e  o v e r a l l

saInplc  prob:tbilily, 1’, (7,), that (k signal fade. CXCCC.CIS lhc fade

margin, Assuming wc have collcc[cd a sample of signal fa(lc
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I:ig,u!c  31>: A(]lc]c{)rlcl:lli[,rl  of Sigflal  [)u[agc It\,cIIIs; St[t[i\lic  A\JcIIIgcd
over 45 Illillulc Run thrOuglI  V:uiOus  ‘1’cllaii)s

stotis[ics corrcspomting, 10 (ypical mobile conditions, wc now have
a set of curves thal a! once indicate overall fade slatis[ics aocl tha~
Ciccolllposc and display lclativc  cffcc[ivctlcss  of fade margin aIId
time diversity in rcducinx  tbc fraction of sign:il loss duc to fnding,
lW example, itlcrcasillg  ttlc fade lnnrgitl  II(IIU 4 107  dIl rcduccs
fartc time fraction flom 241% down (O 18%, A time diversity
tcchni(]uc, sucl] as rc[lilrlst~lissic)fl, wi(h a t i m e  d e l a y  o f  0.6
seconds achicvcs the satnc cflc.et, ‘1’hc shzrp drop ofl’  of the joint
fade sl;ltis(ic for shol( dcl:Iys indica[cs (11:1( a significant amount of
fading is short dut ~l[ion in(crsperscd with nomf:dcd ti mcs and can
bc mi[igatcd  with  shor[ dcloy rc[ransmission  or a combinn(ion  o f
intcrlc,lving  and codi n~

IiigLrt-c 3b is sin~ila[ t{) flgulc 3:1 cxccp[ a]l curves  have been
nornmli?.cd to a valoc of 1,() [IL a time of fsc( of ~,cro. ‘1’hc rcsul[ is
[hc c<lnditimml probabi l i ty  o f  cxpcricncing  a signal rrotagc ‘t
sccomls in the fu[urc  ~,ivcn thm[ you arc prcscntiy  in Ihc fac]cd
s(a(c, i.c, a II-UC all[c)rorlc.l:lli[~l~ of (hc out:Igc CVCII(S, ‘l’he curves
show the incrcasit]g value of rc[ransmission  time diversity as [tic



fade margin incumscs, ‘1’his is cxpcc(cd  since higher fade margins
climioa(c  many lower Icvcl fades opening up wide spaces of nor)-
fildc (ilncs IIIa(  c a n  hc cffcc(ivcly  Lltili?,cd b y  tinm divcrsi(y
ICchnic]ucs,

‘1’hc rcsul(s shown in %] and 3t3 sLIggcsl combinations and lradc-
olfs  of fade margin and retransmission time delay that achicvc
some desired signal oulagc probabi lit y. In this capaci(y lhcy arc a
(ml 10 assis( in ccJtlltllLlrlic:l[i[)lls syslcm design.

W c  ciIn cx[cnd [his by  p:lr;lt~~c(cli?,illg mu a n a l y s i s  b y  [c[raim

I;igure 4a shows tbc joinl fading slalistic  1’2(7,7,) as a fLlnclion 0!

(crrain ( y p c  for  a fwlc  margin  of 1 0  till, ‘1’hc 1,inda V i s t a
rcsidcnlial  roadway was Iincd with a canopy of icaflcss dccidLlous
irccs on bolh sides of (I]c s[rcct presenting a roughly 6f)% (rcc
stmdowcd cn~ironmcnt,  NO(C (hat (I)c 33%, fraction of time fadccl
aglccs well wilh (IIC 30071  val LIc prcdiclcd  from figL)rc I, [;igurc  4h,
fade :Ill[(>corrcl;ltiotl,  shows how Ii mc diversity is nmrc cflcc(ivc
for some tcmin lypcs. I ivcn thou~h 1.inda Vista  had twice tbc
overall fading ralc of Ihvnlown Pasadena, a tilnc  divcrsily  of less
(hatl 2,() seconds is (wicc as cffcctivc  al ],inda Visla  bccausc the
(rcc shadowing is chmlctcriz,c{i  by many shrmt duration oulagcs
while cily driving rcsL!lK in ]rrngcr periods of hlockagc dLlc 10
l a r g e r  b l o c k i n g  s(ruc{urcs al)d SIOWICI- nmbilc s p e e d s , N o t

uncxpcclcdly, linm  divcrsily  is vcl-y cflcclilrc  in  the f reeway
environment as higher mohilc  speeds rcsu]( in shor(cr blockage
limes and (I)c over all signal blocking pcrccntagc is lower,

‘1’his type of analysis can hc cxtcndcd [0 olhcr  time divcrsily
schcn~cs  SLICII as conlbincd  interleaving and coding, or nlLllliplc
rc[rilllslllissi(lt)s, II conld also bc cx(cndcd to antenna divcrsi[y.

(Mm IJivcrsily ‘1’cchnimm  For the Ssrlcllitc.Only  1)1!S Raio
Tranwnissiom
As mentioned earlier, 1.MSS ontdocw propqmtion effects arc
dominalcd  by signal shadowing for the fil-s( 1 S 1020 cl[l of fading,
‘1’his limits  [hc app l icab i l i ty  of var ious  d ivers i ty  schcmcs.
l:rcqncncy  divcrsily  o r  sptcad spcchwm tcchniqLlcs a r c  nol
cft’cclivc  hccausc Ihc shadowing cffcc[s arc rclativc]y  flat across
reasonable opclaling  frcqucncics. I’olarizatirm  diversity is limi(cd
bccausc (IIC shadowing can significantly din~inish the polarization
isolation, Mcmurcn~cnts of tree shadowed signals rcporlcd in 11X]
showed cross-l~(~l:lli~,:lti[)ll lCVCIS 15-20 dll below co-polari?,ation
levels indic{l(ing  tha( polarization isolation techniques have only
marginal valnc.

Spa(ial an(cnna diversity is a schcmc [hot can bc cflcctivc  for
shorl d i s t a n c e  oLIlagcs sLlch as ltIosc caLIscd  by Ircc bmnchcs.
Chnsidcr  a scenario of Iwo spaced an[cnnas atop a vchiclc  where
each anlcnna feeds a scparalc rcccivcr. If signal levels al lhc two
antennas arc even parlial  I y uncorrcla(  cd, sclcc( ion of the higher
Icvcl signal wi II rcsull  in some pcrfmmancc  improvement, In fact
if vchiclc  speed is rccol-dcd as pwl of a pl-opagalion Icst record,
onc can easily crsnvcrt the fade vs. (imc data 10 fade vs. dis(ancc
dala nnd gcncratc anlcnna  divcrsily  pcrfrmnancc  cLn_vcs similar to
fignt-cs U, 3h, 4a and 4b, As an cxatnplc, lhc I,inda  Vis(a run of
figures 4a at]d 4b il~cludcd only onc slop with nvcragc speed of
abrm( 12 n~c(crs/see, ‘1’hns an anlcnna separation of 2 mete.rs
would  bc r o u g h l y  cqLlivalctI( to rc(ransmission with  a  (imc
divci-si(y of O, 17 seconds. IIascd on the fade vs. time data such a
lwo  anlcnna  diversity schcmc would  rcsLlll in a 20% rcduc(irm in
lhc t ime spcnl f a d e d  nmrc (ban 1() dfl. A s  vchiclc  spcccl
dccrcmcs, time divcrsily  bccomcs Icss c.ffcctivc.  whereas antenna
spatial diversity main(ains fhc sanlc average performance

02468 10 12 14 16 18 20
l{etransmission  IMay, (seconds)

[;igurc  4a: l’iohahili~y (1):11 1;011] ‘1’r;lt]sl]ti<$i(,ll~  arc 17dcd by
Mor,  Ttmn  I () cIII; I’iiliitnctcrizcd  by “I’cr! ain Type
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cnhanccmcnt  rcgaldlcss of vchiclc  speed,

~l@Ycd Sirmal l’haw l~uations
III brie f, Vogel and (;oldhirsh  analy~,cd signal phase fluclua(ions
rcccmkd in “cxtrcmc”  I ura-s  L] bLlrhan  propagation cnvimnmcnts,
i,c., nwasurcmcnts nmlc  along roads having a “continuum of
ovcrhatlging  tree cano[)ics where alnms[ pcrsis[cnt shadowing
occlm cd, ” They foLln(i (Iml even in (his worst case that for 98%1
of the {imc, mcasurccl phase fluctuation was no worse than +/-20”
over a fading ran,gc of;?  to 8 dll. Ilascd on this and rcsLllls from
more I)cnign channels, [hey concluded that, “{he infl Llcncc of
phase Iluctualions  01] (lclllc)(lLll:lli(lll  tcchniqLlcs at the clcvalion
aoglc cmlsi(icrcd,  (c,g, 51 “), i s  m i n i m a l  an(i lha[ (hc I.MSS
channc[ charactcrisiius can bc csiinmtcd ivithmlt  c o n s i d e r i n g
pbasc.’ Recalling that nlul[ipath  components were observed to bc
15-20 (111 below the line-of-sight signal lc~,cl  wc may a(idilionally
conclude tba[ phase fluctuations in (I1c rural and suburban
cnvim Imcnt wi II nol bc significant cxccpt during  deep fades.
Chndilions  will worsct, for Iowcr clcvalion  angles where deep



f a d e s  a n d  multipath  a rc  mom pmwllcnl.  A rcccnt pzzpcr  by
Goklhirsh  and Vogel invcstiga(cs 1-band amplitude and phase
fluctuations fol- Sa(cllilc  Iransmissirsn scenarios a( elevation angles
ranging i’ot-tn 7°1014° 128]

l)llS-1/adio llrbau I’ropagalion
lillcclivcncss  ot’ lime diversity in all cnvironrncnts  ctiminishcs  as
(hc mobile speed dccrcascs. When mobile spcc(i is rcduccd to
zero. i,c, stn(ionary, tin~c dive.rsity is Iotally  incffcc(ivc.  This is
parlicolarly  a problcm  in lhc cily  environment where traffic is stop
and go and structures may complclcly  block Ihc line-of-sighl
signal. ‘1’hc A’I’S-6  sa(cllitc  was used by lICSS  10 measure (Jtll;
a n d  1,-band  cxccss pa(b  IOSSCS  i n  v a r i o u s  cilics [ 1 I ]. A s  a n
example, in I>cnvcr, the salclli(c  appeared to the sou(hwcsl at 32°
elevation. S(ICCIS  running parallel 10 the sa(cllilc  direction, i.e.
NIVSW,  cxpcricncc.d fades grcalcr than 6 cIII only 10%, of the
Iimc,  whereas slrcc(s Irunning pcrpcndicLllar  cxpcricnccd fades
greater than 29 d[l I(YK of lhc time. ‘1’his Ia((cl-  condilion  cxcecds
(I1c n)itigi~(ion capaci(y of any reasonable combination of fade
margin and Iimc divcrsily.

~JIhan I .am-llascd  [;ap I ‘i Ilcrs
1 mcl-based signal boosters bavc tmn suggested for this difficult
urban environment. ‘1’0 minimi~c  Ihc sl)cctrunl rcquircmcnls,  WC
can fur(hcr  rcquir’c the tmostcrs to trans]ni( lhc same program and
signal slruc[urc  as (1)c sa(cllitc. ‘1’hc goal is to fill in lhc covcragc
~il[)S  in lhc bcavily  skrdowcd  ci[y  area. An unavoidable result of
this schcmc is the creation of scvcrc moltipath  and in(crsymbol
in{crlcrcncc,  ISI. Consider a 1)11S signal channc] codccl to a rate
of 300,000 synltmls/see, (sps),  Onc symbol (imc is cquivalcnl  (0
only 3.0 kilomc~ct-s  ai the speed of light. ‘1’hus mulliplc symbol
delays bc[wccn boos[cr si~nals arc likely and [bc result will hc
IS I .  Add (o (his (I)C fact that low clcva(ion  a n g l e  m o b i  IC
transmissions arrive n( (hc mobile sca[(crcct by many intervening
obstacles and you have a( Ihc rcccivcr  a combination of lime
dckrycd Raylcigh  faded copies of lhc dcsil”cd Signal. Mulipalh can
bc n dcsirubk  phenomena if wc consider tha( it is equivalent 10
the rcpc(i[ivc  (rilnsmission  of the sarnc signal, ‘1’hc signal from
cacb SOUICC tI-avcls a diflcrcnt  path (o the rcccivcr and thus
cxpcricnccs indcpcndcnl  fading ‘Ibis path diversity can bc
ulilizcd i f IIIC nmdulat  ion schcmc is sophislica(cd, such as spread
spcc[rwm, or if lhc rcccivcr  has [hc sophistication 10 clcconvolvc
Ibc. channel 1S1 cllccls,  122]. in fur(bcr  analysis wc can consider
lbc salcllilc  as onc of (IIC booslcrs or if borrslcr signal strcnglh is
overwhelming wc can equivalently ignrsrc [hc satcllilc  signal,

Adap(ivc  lkluali7a(io!r
Consider a single channel pcr carrier QPSK sa(cllitc systcm  with
on channel boos(crs in a n)c(ropoli(an area. ‘1’hc rccluircmcn[ here
is for an adap(ivc cquali~cr  tha[ can follow the phase and
amplitude variations of  Ihc Raylcigh  s i g n a l  c~,vc~pcs a n d
clcconvolvc the combination of delayed signals were even the
rcialivc  delays vary as (I)c booslcr 10 mohilc  gcomctr-y cbangcs.

‘1’bis type o f  cnvimt]l))cn(  w a s  invcs(igatcd v i a compu[cr
simulation, ‘1’hrcc Raylcixh  faded copies of a QPSK 300,000 sps
data Mrcam arc combined, Iiach signal is offset from (I1c ncxi by
onc symbol (imc delay and (hc average power of each component
is equal, ‘1’hc l)opptcr sprcact  of +/- 2!13 IIz on each signal is
equivalent 10 n vchiclc  speed of IO() kn)/hr  given a 2.3 GIIY S-
hard transmission frequency. Signals plus while Gaussian noise
(W(;N) were applied [o a 1.a((icc l’rcdictivc I )ccision I;ccclback
lkplali~cr’,  (1.al[icc l’l)l~li) af[cr I,ing and Qurcshi [23] and tbc
rcsul[ing  uncodcd bi( ctn or raic was n)casurcci as a function of

combim>d signal 10 noise ra(io, I:igurc  5 shows lhc rcsul[s for
scvcml diffcrcn[  conflgut  at ions, As parl of JP1 ,’s DBS rcccivcr
dcvcloImIcnl,  wc bavc oscd a Chnstr’aint I,cng(h =7, Ralc = 1 /2
convolulionat  c o d e  i n  cotljunction  with  in(crlcaving  a n d  a
( 160,140) Rcc&SolonmI  cmlc to combat shorl signal outages.
An unctdcd  bit error rate, (I{iif<), of I()”z is nccdcd to achicvc 106
111X on such a conca{cnatcd coded channc] assuming sof[
dccisioll  Vilcrbi decoding of [hc cc)l~\c)lLl[io[l:il code. BIN and Bit
SNR v:,locs refer (o illf(nn~a[ion  bik, i.e. rcsul[s include the SNR
cost of equalizer lraininp, sytnbol ovcrhca(l

“1’hc top c u r v e  irldiualcs lhal [hc 1S1 and Raylcigh  fading
cornplc[cly  oblitcr<ilc [hc rmvnal QI’SK  signal s(rwcturc with  no
chance of cla[a rccovcr-y  ~vithou( cquali~alion.  ‘1’hc second curve
shows lhc pcrfol  mancc of a single divcrsily  channel with  onc OLIt

of five symbols LISCCI fo] cquati~cr traitlirlg/lr:lcki[lg. The third
curve  (iown is ]Icrfo! mancc  of lhc sarnc cqualiycr  Nructurc  but
wit}]  OIIC OLIt of lhrcc sytrlbo]s oscd fot- training, A bit SNR of 19
cltl is ]c.asonatr]c in a glound  transmission cnvil-onmcnt  and thus
our cotlcatcnn(cd code prI forn)ancc of 10”6 is achievable.

q’hc foilr[h curve disp]ays (IIC pcrfo]-mancc of a ciual selection
divcrsily  syslcm, where each lcccivc  string has a I.a((icc l’l~l;li
a n d  lht’ cc]uali~cr oLllpu[s al c sclcc(cd based on cslimatcs of
cqualiz~’r tracking error (bat aIc normally performed and awrilablc
as par( of the cc]uati/,atio]l process. ‘1’hc diver’sily gain is aboot 7
dll at [hc dcsiml opcr,l(inx  point ‘l’his is notcwor[hy  for [hc
I) IIS-R;dio systcm clcsipnct.

‘1’bc fil[h curve down assumes a Rician channc] where Ihc unfaclcd
signal, bas a power equal 10 (trc avcrngc SLIm  power of the two
Raylciph  components. I)ivclsi(y = 1 is also assumed,  Note the

irnprolcd ccjualizcr pcrkmoancc  for (his Rician c h a n n e l  a s
compal Cd 10 lhc }{tly]Ci~h ChannCl even thOLlgh both Ch:kllllC]S
proctuc(’ a 50$% CI m’ I alc w’ithrrul cqun]imlion.
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Bit SNR,  (dll)
FixLI[c 5: I.al(icc  I)rcdicliw  l)cci\i  On I+xxI ll:wk  liqualizcr Pc[fo]l]]:lrlcc  in
Rnylci:h and Ricm  I;aditl:. Mnx. I)opplcr = 213117, lkplivalcnl Vchiclc
Speed = I(KI kndh al S-find  2,3 (1}1/, Bi( SNI{ co~!ccrcd for I’raining

Sylllllol OVCIIICIKI,



‘1’hc sixth curve down shows pcrlnrnmcc of (hc I,ntticc  PDIW in
il wbilc  (iallssi;ll)  JloiSr (lllly ChZlllllC1. I;inrrlly  the standard
(hcmc(iml  pcrlormancc  01 QI’SK  in a WGN channel is given as
Lhc las[ curve, ‘1’hc 1 dll pcrlrmwrncc  pcnaliy  cm the WGN
channel is a conscquctm  of adap(ivc cqualiycr  a([ctnpts III track
phanlotn  channel variations caused by Gaussian noise.

M a n y  dil’lircl~t  cqunli~cr  s(ruc[urcs arc possible but all at (hc
c,spcnsc of incrcascd rcccivcr  complcxily, The lai[icc  l’l)l:l; was
clmscn bccausc of it’s adaplivc  ability, it’s robustness 10 muncl-ofl
crmrs and rcgLllar strwclurc which lend i[ (0 VI.SI  itllplcfllctllaticlll
a n d  i t s  rcduccd col]lpll(:l(iol):~l” complcxi(y  r e l a t i v e  to other
schc Incs. A n~nrc thorough  description of the combinccl rcccivcr-
cqualiycr  pcr~ornmncc in the booster aided 1)11S cnvironmcn(  is
prcscn[cd in anotbcr p a p e r  i n  t h i s  crmfctcncc  [291. I ‘

@led OIIhogonal  l’rcqucncy  I)ivi.sion  Mul[iplcx, ((~Q1’I)M)
~odcd  Orthogonal l~rcq(lcncy I)ivision Mu]tiplcx, (rXX~I)M),  is a
tcchniquc  useful in mitigalinn  of frequency sclcctivc multipalh
fading and it is the basis rrt’ Ihc I:urcka  14.7 d ig i ta l  auclio
fmadcas[,  (l)AB), standar([. ‘1’hc lcchniquc  i s  parlicrrlady
applicahlc  (0 the on-frequency rcpcatcr lransrnission schcmc. Onc
or rnorc high raft compressed and chrrnncl ccrdcd  cligilal  audio
programs auc [ransfomcd  into  N intcvlcavcd lmv-rate sub-s(rcams
and rnodulatcd nn[o separate suhcarlicrs  cclualiy spaced 1 /N’f 1 IY,
where ‘1’ is the symbol timing. ‘1’hc number of carriers is chrrscn
so (hal fading is flal across a sin.glc carrier but fading is
indcpcndcu[  anmn~ adiaccnt bits that have been assigned to

transpoldcr.  The single cwt  icl- apprrmch also alleviates (I)c carrier
synchrmim(irm  problrms  associated wi(h 01 ~I)M,

~!ltcrltl;l.~~rcclivi[y
‘l’his (cchnic]Lm al once combats foLlr pl-opagation in~pairmcnls.
I:irst,  antenna dircclivi(y  provides Rain relative (0 arl onlfli-
dircclional  antenna and can  thus sclcctivcly  cnhancc a desired
s igna l  and mi(iga(c a[(cnuatirm on (hat s i g n a l  c a u s e d  b y
shadmv!ng, Second, atl[cmna dircc(ivity  rcduccs the nunlbcr  of
nml(ipa(h cornprmcnts by discritnina(ing  agains[ m u c h  of’ t h e
possible range of siglml azimuth atwival angle. ‘1’bird and frrr(h,;  ‘ f
lhis Sal! IC mul[ipalh  disc! irninat ion also (iccrcascs IMry Spread
ancl Doppler SpIcad in the h(mstcr assisted nmhilc  cnvironrncnt
w h e r e  mrrl(ipath sigtmls with nmximurn delay and nlaxinmm
Dopplct  oflsct  of(en arr ivc at the mobi Ic from nearly rrppmitc
dirccli(m I 1 9 ] .  11 il scc[orcd zrntc. nna i s  u s e d  with  multip!c
rcccivcls,  (divcrsi(y),  the cflcci  is to fla((cn lhc channel rcsprrnsc
as seen by any rmc lccciv  cr. ‘1’hc chrrllcngc of this tcchniquc  is (o
f i n d  a w a y  Kr rdpidly  sivitch rrntcnna ~ain poinling or an(cnna
scctrrr  sclcclirm lowald  llic bcsl signai dircctirrn  as it varies with
rcccivcl motion LhroLlgh the nml(ipa(h cnvironmcnl.  ~atnacr and
Nagarr [24] pmposc a predictive antenna sclcctirm schcrnc tho(
could t~c crrrnbincd with  a a~irnuth scciorcd antenna such as (IIC
onc dc~crihcd by Murn(a c1 al in [ 191, An(cnna (iircctivity  also
cornba[s cmchanncl  inrcrfmmcc  a n d  c a n  bc crrmbincd wi[h

‘ianlcnn:!  divcrsily.

Sprc~fi Sflcctr-Lrnl
diverse carriers and thus frequency intcrlcavcd ‘1’hc ‘channel ‘ , s~>rcad S~cclrLrnl tc.cbniqucs employ a form of frequency divcrsily
cffccl  on any particular carrier rcduccs to an arnpliludc  scaling:  ; [o crr}tlba! fading i n  L! frtequcncy sclcctivc  chmncl. As an.
and a phase rotation. ‘1’hc usc of a I’SK signaliilg  format thc~]~
clirninatcs  Ihc need for nmplitudc  tort-cc(irm and diffcrcn(ial  phmc
encoding a( the (ransmit(cr  allows ditl’clcn(ial  phase corrcctirrn al
lhc rcccivcr,

As with  cqualin(ion [cchniqucs,  U)IU>M clivcrsi[y gains prcsurnc
frequency sclcc[ivc fading across (hc signaling hanclwid[h. in
Irural and sutmrban cnvironmcnls  and in lhc satellite hroadcasl
cnvironn~cn[ (Iw delay spt-cad of (hc channel may bc so shor( thnt
fading tends to bc lla( or clcpcndcn( across (I]c channel. Typically
IIw delay spread needs to bc greater [ban LIIC reciprocal of the
proglaln  carrier spacin~, WIIrn CX)l~l)M is working,  sLrbcarricrs
found in a spcc(ral null will produce synlbrrl errors al the dclcc(ion
s[agc,  bLIl (IICSC syf)~hol cr mrs a r c  intcrlc.avcd wi[h  ccrrmclly
dctcclcd symbols Imrn m-faded subcarricrs and the channel
coding schcrm can cffcclivcly rccovcr (Ilc lost in fmmalion.

In ~{] well wri((cn  paper [27], Sari c1 al, show that OI:I)M is
functionally cquivalcnl  Iu a single channel pcr carrier systcm
employing Ircqucncy  domain cquali~alirm. ‘1’hcy fLrrlhcr show
(hal (IIC IWO techniques with chrrnncl coding have csscn[ially  the
same performance rcsul(s in a frcqLlcncy sclcctivc channel but that
the single channel pcr carrier schcrnc has the advantage of low
scmsilivily  to norl-lil]car  distor~irm, such as (bat found in [i sa(cllilc

example, Giudcn;i and Giannc[li  [251 dcscribc a candida(c dirccl-
scqucncc spreading scl mllc for usc in a combined satellite -
groLlnd I_mscd  single lrcqucncy  network. ‘lhC  PN SC(lUCllCC  SC! f-

nrsisc (ha( typical ly Iimi(s [hc capacity of a ~[)MA sys(crn is
ovcrco!nc by appropt-iaic phasing of Gold code spreading
scqucn~cs,  code  syrlcl]rorli~zitiol) is pmsiblc  b e c a u s e  radio
progra!m  using diffcrcn[  Gold cocks arc all [ransmitlcd  together
fl”mn II,c same silts. A ]{akc rcccivci- struc(ur’c is L]scd to c’rrrnbinc
the thtcc delayed signnls \vi(h the Iargcs( signal powers, (his
inc]udcs both lhc siltcllilC  and booster  s igna ls . “1’hc systcm
approa,h  allows for da[a  rate flexibility and dis(ribu(cd  uplink.
l:il~ally  VI,SI  ~l)MA rcccivc!- Icchtmlogy  has been dcnmns(ratcd
by QLl;llconlnl  irl thcif twt)-wwy digilal  radio dcsigf~,

Sumrmry
‘1’0 pmpcrly  design a l)l{S-Radio  systcrn ii is imperative 10
understand the associa(cd  pl-opagatirm in~pairmcr~(s, their source,
their rut(urc and their cx{cnt. WC have sunlmat-izcd these
propafatirrn  cffccls  in 1111  cc generic cnvimnmcnts,  indoor, rLlral -
subu[tli]n  mobile, and urh:in rnofrilc md irl each C:ISC  suggcs[cd
several techniques to mitiga(c  these cflccts.  In addition, (hc
rcfcrcrlccs prcwidc a wCal(h of more dclailcd  information uscfLll
(o the l)llS-Radirr  systcn)  dcsignct-.
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Basic Test (hlditims

P’r’c(plcnl’y (),~7  A2  I,5 GIIZ,  siiiifii,m)  i7iiZ5Ri  E“i  IT-”
fi,lcvation Angle to Xmitkv’

—- -
215”

Vixcd  Sift ‘Ilm Atttwtiition ~1 ml J .0,s.s
I nr 2 I’rccs, Kondsidc ‘1’yfrical  = 4-9 ritl, Skl l)cv = 3-7 dl: [18]

B:lrc I’rccs = 5-14 tilt, for Iilcv 40’-150, AI:KI(! = ().:15  dlWlikw,  Lltlt; 870 MII/ [ 17]
I:uII Foliage .7-19 dll, for I{lcv 40”’-150, AI’ndc = (),4X cIIWIICV,  Lllll 870 Nftl/ [ 17J
Folicrgc  Factor:  Mum  I adc FLIII Frrl Iagc (cl}]): 1.3S x hican I:adc  Btwc  ‘1’ICC  (dlt)[ 17J
U} {r Fade = 1.3 rtH/Mckv of GnoIIy, I.-l+an(l I’a(k = I .s (Iluhfctcl  nf canopy [ 17)

Afkr 15-20 dll of I)i!cct Signal Ikr Ilc, Raylciph Inultip:ltl!  lwgins  to doluin:ilc
~joss-}’c,lnrilaliot]  sign:ll  Icvcl is 15-20  frclcrw (’ml’tIlal  I .cvcl.  [ I t!]

Sp:]tinl  AuIn (’orlc,l:itinu
S - I. F:KIc 1 ,CVCI  (’row  ~orrclatirrn Nooc Ohscrvcd  [ 18]
1.-lkmd  I+KIc [,cvd AuIn ~orrc.lotion Near OM htg of 101 [18];  Ncflro  al ]n~  of I-2 Inctcj @) 5-10 k [17J
S-l}:md Fade 1,CVCI  Auto Grrrclaticrn Near Oat lag of 20-30 k [ 18]

Nlobilc - Sp:dia] Varialiom
Soorcc l’crpclldicnhlr  to Road Nlain Signal Irnpairnwnt  is ‘J’rcc  Shadowing
Cllllolntivc  I:adc Slots  vs l~.lcvatirrn Scc [:igore  I

An&’

I’rcc Scattcrul  Multipa(ll Sigoals  :IIC  15-20 trclnw  tl,c Illain signal  sn V.flICn main sign:d is fndcd  by
[I)is amount  the wccivcd  signal  tm omcs l<aylci~ll ill lIOturc.  [ 18]

.Sonrw J>arallcl tn Road Main Signnl lnlpairn)cnt is Nlutiljcrtll  J’acfing
opm l<ural kind,.. No I’rccs 1 . - h a n d ,  3-Sall+ . . No Ikvntion  I)clwndcncc  hdwcm  30’”  and 600 [ 17]
Ginyoll  l<ond$  in ~’nlorado I..hand, 2-8 d}]... Al Elcvotbn@lc  of 30”  [ 18]— .  _ _ _

lhqncllcy VilriatiOllS
..-— —

1 ‘ILYI Sc:ili ng Samc Meat] l’arte 1 ZVCI  at 1 / and S hand [ 18]
[ 17], (Nrscrvcd  Ovcr LI1lF,  l.-band & S-hand

Pohmimlinn  IMfccts Cross Polwizcd  Signal avcrirgcd  15-20 dtl hci;;~F(Eii)i;i;;~(l  Sign:d 1 ZVCI [ 18]
( Inforluwrtcly,  l’olari?olion  I)ivcrs,ly  degrades lttpidly with incrursing fade Icvcl e.g. al 5 dfl f:tdc
1~~1,  polari?alirrn  isolation is dowtI  to only I 1 dll. I 17]

——. . -.. . . . . . . . . . . . . . . . . . .
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